Diode-pumping Ti:sapphire lasers promises a new approach to low-cost femtosecond light sources. Thus in recent years much effort has been taken just to overcome the quite low power and low beam qualities of available green diodes to obtain output powers of several hundred milliwatts from a fs-laser. In this work we present an alternative method by deploying frequency-doubled IR diodes with good beam qualities to pump fs-lasers. The revolutionary approach allows choosing any pump wavelengths in the green region and avoids complicated relay optics for the diodes. For the first time we show results of a diode-pumped 10 fs-laser and how a single diode setup can be integrated into a 30 x 30 cm² fs-laser system generating sub 20 fs laser pulses with output power towards half a Watt. This technology paves the way for a new class of very compact and cost-efficient fs-lasers for life science and industrial applications.
INTRODUCTION
The fs-laser has become an irreplaceable light source for a vast number of applications in research, medicine, and security. In particular mode-locked Ti:sapphire lasers have found widest penetration into the commercial fs-laser market. Due to better thermal and material properties of sapphire over many other host media, Ti:sapphire lasers are regarded as the ultimate light source in terms of power, pulse duration and stability. They even come as turn-key devices that can work in difficult environments. However, in the majority of cases they are still a big cost factor in their role as a light source. Since first ultrafast lasers commercially became available in the early 1990s the basic principle of how a modelocked laser delivers femtosecond pulses has not undergone ground-breaking changes in the sense, that their size, performance and cost still depend on power, size and cost of the available pump lasers. Starting with large frame Ar-Ion lasers at the beginning pump lasers nowadays based on diode-pumped frequency doubled Nd:Vanadate or Nd:YAG laser systems that are entirely solid-state and much more compact. But in fact, multiple wavelength conversion units, moderate electro-optical efficiencies and some level of complexity result in demanding manufacturing efforts, heavy and large device dimensions and water cooling requirements. Thus size and cost of a femtosecond Ti:sapphire laser primarily depend on the availability and technology of the pump laser.
Since the challenge to generate powerful continuous wave green light with diffraction-limited beam quality at small cost and dimension has not been accepted for a long time alternative light sources to the Ti:sapphire laser came up to existence. For instance femtosecond fiber lasers pumped with laser diodes deliver several 100 mW using an amplifying stage. Although power and pulse duration are limited by fiber non-linearities they have started to replace Ti:sapphire lasers in many areas like THz generation or two-photon polymerization. However, Erbium doped fibers have to be frequency doubled thus limiting their usefulness in the 800 nm wavelength range where biological tissues have less absorption or common photo-conductive switches for THz generation are readily available. Also in optical coherence tomography the Ti:sapphire laser had been replaced by very cost-effective super-luminescence light emitting diodes which fortunately accelerated the market penetration of OCT devices rapidly 1 . Also wavelength swept sources based on semiconductor optical amplifiers at 1050 nm enabling better penetration and faster scanning are gaining more relevance 2 . But none of these light sources can fully replace the femtosecond Ti:sapphire laser providing the highest axial resolution in OCT or the broadest THz spectra 3, 4 .
In this work we present latest results of using frequency doubled tapered diode lasers to pump femtosecond Ti:sapphire lasers. The pump laser consists of a spectrally stabilized, high-efficient, high brightness tapered diode laser combined with a periodically poled nonlinear crystal. In contrast to alternative solid-state laser technologies no additional optical resonator is required to achieve SHG efficiencies up to 19 % with one non-linear crystal only in single-pass configuration 5 . As alignment tolerances are significantly relieved compared to a resonator concept, innovative mounting and packaging technologies can be applied, aiming at significantly reduced costs, improved compactness and improved performances with respect to low amplitude noise and long term power stability. Using this concept 82 mW from a mode-locked Ti:sapphire laser pumped by a single-pass frequency doubled DBR-tapered diode laser was already demonstrated 6 . However, very recently a new concept for power scaling the second harmonic generation by cascading conversion stages was introduced 7 . Using two nonlinear crystals 39 % optical efficiency was achieved from a 9.5 W DBR-tapered diode laser. In this work we report on the first results obtained using a two stage conversion scheme to pump an ultra-broadband Ti:sapphire laser.
EXPERIMENT
The pump laser consists of a 6 mm DBR-tapered diode laser generating 10.5 W of light at 1064 nm. Two separate electrical contacts control the currents through a 4 mm tapered diode section and half of a 2 mm ridge wave guide section. The DBR diode laser is mounted p-side up on a CuW heat spreader which is again mounted on a 25 x 25 mm conduction cooled package mount. The astigmatic emission from the diode is collimated by an aspheric lens in the fast axis and a cylindrical lens is used to correct the astigmatism and collimate the beam in the slow axis. The collimated beam is then sent through a half-wave plate and an optical isolator to prevent light reflected back to the DBR diode laser. A second half-wave plate is used after the isolator to adjust and optimize the second harmonic generation. For singlepass configuration a lens is used to focus the beam into a 30 mm PPMgLN crystal with a beam waist diameter of approximately 60 µm. The crystal is angled cut at 10°, antireflection coated at 1064 nm and 532 nm and temperature stabilized at 35 °C. The SHG output power reaches up to 1.7 W. The sealed housing of the DBR diode laser plus conversion stage (laser head) has a foot print of about 140 mm x 89 mm. Emission of this setup is used to pump a standard dispersive mirror based cavity that supports pulse durations down to 10 fs 8 . Our gain medium is a Ti:sapphire crystal with 4 mm optical path. The absorption is α = 4.25 cm -1 (±5 %) at 514 nm with a FOM of ~150. The pump beam having a collimated diameter of about 2.5 mm is focused into the crystal with an AR-coated f = 35 mm lens. Two dichroic curved mirrors are focusing and directing the beam to both arms of the x-folded cavity. The angles are optimized to compensate for astigmatism inside the crystal. All plane mirrors in the fs-laser are negative dispersive supporting reflectivities higher than 99.5 % with an average GVD of about -40 fs² between 700 nm to 900 nm. Soft aperture mode-locking is initiated by disturbing one end mirror. The pulse repetition rate that basically determines the pulse energy is set by the length of the cavity. In this work we report on results with a 300 MHz cavity (length ~0.5 m) pumped with single-pass SHG and a 125 MHz cavity (length ~1.2 m) pumped with double cascaded SHG configuration. The beam profile of the single-pass configuration is measured using a WinCamD-UCD3 camera from DataRay Inc. Throughout 1 W to 1.6 W behind the first SHG stage the beam cross sections show ripples and distinct deviations from axial symmetry (see Figure 2 ). For comparison a conventional diode pumped solid-state (DPSS) laser (gem 532 from Laser Quantum) is used. Swapping between both pump light sources shows that the pump efficiency is 10 % to 15 % less for the frequency doubled DBR diode laser. However, the structured beam profile is not translated into the femtosecond laser which delivers a smooth intensity profile as normal (Figure 2 : right). The beam is used to pump a 300 MHz femtosecond Ti:sapphire laser delivering sub 20 fs pulses. At 1.5 W more than 190 mW output power with pulse energies in the order of ~0.65 nJ is obtained. Figure 3 shows the spectral shape and mode-locked output power of the fslaser recorded over 17 hours. The spectrum corresponds to a pulse duration of about 15 fs. Although the FWHM bandwidth is 67 nm it is perceivable that the spectrum extends from below 700 nm to more than 900 nm indicating that larger FWHM bandwidths can be accepted. Hence, more effort towards fine-tuning intra-cavity dispersion leads to the formation of a 125nm FWHM spectral bandwidth from the Ti:sapphire laser. Although the overall spectral coverage is not extended which is probably restricted by the used dispersive mirrors the shape of the spectrum supports pulse durations below 10 fs as is shown in Figure 4 . The average output power of the sub 10 fs laser amounts to about 115 mW. In order to scale up the output power of the fs-laser two SHG stages after the DBR tapered diode laser are applied. The optical setup is similar to what has been reported by Hansen et al 7 . Using two different crystals whereas the first one is chosen for most efficient second harmonic generation while the second crystal does better handle thermal effects, 2.4 W of light at 532 nm is obtained. In order to achieve even higher pulse energies and pulse peak intensities we change the repetition rate of the Ti:sapphire laser to 125 MHz by enlarging its cavity length 2.4 fold. When pumped with 2.4 W it delivers output powers of 400 mW in cw and 320 mW in mode-locked operation. This is a 1.7 times higher average power output over the single SHG stage case. However, with regard to pulse energy a four-fold improvement is obtained. Figure 5 shows the femtosecond laser and the pump laser on an optical breadboard. The size of the pump laser that includes both single-pass SHG stages is 183 x 114 x 50 mm³. Its sealed encasement sits on a water cooled base plate which is temperature stabilized at 20 °C. The same cooling is applied to the femtosecond laser. No additional beam shaping, e.g. with cylindrical lenses, is used. Light pulses from the Ti:sapphire laser have spectral FWHM bandwidth of 36 nm centered at 816 nm which corresponds to a pulse duration of about 25 fs. 
DISCUSSION
Despite its non-smooth beam profile the frequency doubled diode laser is shown to fully replace solid-state lasers for high demanding applications like pumping femtosecond lasers in the sub 20 fs range. We achieve close to 200 mW output power with only 1.5 W from a one SHG stage single-pass configuration. The spectral bandwidth of the femtosecond laser easily supports sub 20 fs laser pulses while its base covers almost the full spectral bandwidth of the used dispersive mirrors. We also saw no significant deviation from a pump beam alignment optimized for a state-of-theart solid-state pump laser, i.e. only very little re-adjustment of the pump lens was required to compensate for different beam divergences of both pump lasers. No compromise in spectral bandwidth and pulse duration is required since even 10 fs laser pulses can be realized. For the first time a sub 10 fs laser is shown to be pumped directly by a single tapered diode laser. This result paves the way for very cost effective high-end femtosecond lasers for being used in applications that basically need a few mW impinging on the region of interest like multi-photon microscopy, THz spectroscopy or optical coherence tomography. Such a fs-laser has already been employed by König et al. 9 inside a commercial multiphoton tomograph and successfully imaged autofluorescence signals from several unstained biological samples, i.e. human skin, adherent cells and epithelial layers as well as stroma of cornea samples. Hence, tapered diode lasers with simple external frequency conversion stages could simply replace bulky and expensive solid-state lasers to finally make affordable fs-lasers possible. Currently the size of this pump laser is mainly determined by the size of the optical isolator. Further development on better robustness of the diode laser to back reflection could avoid necessity of optical isolators and bring down the size of the laser head packaging considerably since the length of the DBR diode laser is only 6 mm. For the first time a cascaded frequency conversion scheme is used to pump a femtosecond Ti:sapphire laser. Although 320 mW marks the highest mode-locked output power ever recorded from a fs-laser pumped by a tapered diode laser we assume that the efficiency can be improved by further optimizing the beam quality emerging from the SHG stages. The moderate efficiency might be caused by thermal effects or formation of astigmatism which has to be reinvestigated. However, due to the larger output power and lower repetition rate the Ti:sapphire laser delivers pulses already reaching 100 kW peak intensities. The laser head can be designed to have a 285 x 285 mm² foot print which already includes the "high power" tapered diode laser. Figure 6 shows how the head size of the femtosecond laser changes over the standard version with a single SHG stage after the tapered diode laser. 
SUMMARY
Frequency doubled diode lasers are very promising candidates to replace existing bulky and expensive lasers used to pump femtosecond lasers. Particularly Ti:sapphire lasers provide very short light pulses and will immensely benefit from new pump light sources since they deliver high light peak intensities even at lowest average powers. This new class of pump laser even meets the criteria to produce fs-lasers providing sub 10 fs pulses. We have shown that a laser head of the size of a sheet of paper is able to generate >190 mW of optical pulses in the sub 20 fs range. By a small enlargement of the foot print, i.e. 25 % on both sides, the power is increased to 320 mW with even 4 times higher pulse energies. However, we guess that this is only the first stage of what can be expected from performances of sub-20 fs or sub-10 fs lasers pumped with this novel kind of lasers. Hansen et al. 7 already reported about 3.7 W diffraction limited green light (M ² = 1.25) from a two stage cascading configuration while Müller et al. 10 could demonstrate up to 4 W green light by sum-frequency generation of spectrally combined tapered diode lasers. Combining both schemes Hansen et al. 11 recently showed that 5.5 W can be reached with conversion efficiencies up to 50 %. Hence, the technology to frequency convert high-end or so-called "high-brightness" laser diodes has opened up a new route to very compact and powerful pump lasers that facilitate very compact and cost-effective sub 20 fs lasers in the 0.5 W or even several Watts range.
